ABSTRACT. The Uruguayan Creole cattle population (N = 600) is located in a native habitat in south-east Uruguay. We analyzed its genetic diversity and compared it to other populations of American Creole cattle. A random sample of 64 animals was genotyped for a set of 17 microsatellite loci, and the D-loop hyper-variable region of mtDNA was sequenced for 28 calves of the same generation. We identified an average of 5.59 alleles per locus, with expected heterozygosities between 0.466 and 0.850 and an expected mean heterozygosity of 0.664. The polymorphic information content ranged from 0.360 to 0.820, and the global F IS index was 0.037. The D-loop analysis revealed three haplotypes (UY1, UY2 and UY3), belonging to the European matriline group, with a haplotype diversity of 0.532. The history of the population, changes in the effective population size, bottlenecks, and genetic drift are possible causes of the genetic variability patterns that we detected.
INTRODUCTION
American Creole cattle descend from Iberian cattle breeds introduced by the Spanish and Portuguese conquerors in the XVth century (Primo, 1992) . Their adaptation to different environments allowed the expression of high levels of genetic variability, this being a source of hidden alleles of potential use in breeding programs and thus important to study and preserve (Barrera et al., 2006; De Alba Martínez, 2011) . The analysis of nuclear and cytoplasmic markers, such as microsatellites and mitochondrial DNA (mtDNA), is a valuable tool to infer and assess their genetic diversity and relationships with other cattle populations of America, Europe and Africa (Armstrong et al., 2006a; Ginja et al., 2010; Delgado et al., 2012) .
Cattle were first introduced in Uruguay at the beginning of the XVIIth century from the central region of South America (currently Northern Argentina and Paraguay), and later on by the Jesuit Missions of Alto Uruguay. The cattle population grew extensively, becoming semi-wild. Late in the XIXth century, the introduction of more selected European breeds caused a decline in the Creole cattle, reducing the huge initial population to small and sparse subpopulations throughout the country (Primo, 1992; Postiglioni et al., 2002) .
After 400 years of natural selection, Uruguayan Creole cattle (Bos taurus) are considered adapted to the environment of the country. Even taking into account some degree of genetic introgression from commercial breeds, it is assumed that they have remained mainly in reproductive isolation due to phenotypic and genetic distinctiveness, as they form a separate and consistent population apart from other American Creole cattle and commercial breeds (Rodríguez et al., 2001; Postiglioni et al., 2002; Delgado et al., 2012) .
Currently, there is a single population of approximately 600 pure individuals restricted to San Miguel National Park, in the southeast of Uruguay. The foundation stock consisted of 35 Creole cows, bulls and calves brought from different locations around 70 years ago (Arredondo, 1958) . The management of the population since then has consisted in limiting the number of breeding males and the periodic culling of a certain number of animals as a way of controlling population size. Different molecular markers have been analyzed in this population, including a set of 18 microsatellite loci in breeding bulls (Armstrong et al., 2006a) , RAPD markers (Rincón et al., 2000) , the polymorphic region of the DRB3.2 gene of the major histocompatibility complex and major genes related to milk and beef production (Postiglioni et al., 2002; Rincón et al., 2006; Armstrong et al., 2011) .
Highly informative nuclear and cytoplasmic DNA molecular markers would allow the estimation of the levels of within-breed diversity and possible admixture in this Uruguayan Creole population, as well as the elucidation of genetic relationships with reported European and Latin American breeds (Delgado et al., 2012) . Analysis of mtDNA sequences and eventually of Y chromosome haplotypes would help to understand the heterogeneous genetic composition of Creole cattle, through the detection of both European and African influences. Taurine mitochondrial diversity could be evaluated with two major mitochondrial haplotype clusters as reference, each group being usually named as European consensus (Eucons) and African consensus (Afcons) (Bradley et al., 1996; Ginja et al., 2010) . These groups represent the central haplotypes of phylogenetic networks presented so far, where a number of peripheral haplotypes coalesce (Troy et al., 2001; Miretti et al., 2004) .
The aim of our study was to determine the genetic diversity and population genetic structure of Uruguayan Creole cattle and their phylogenetic relationships with other Creole populations, using microsatellites and the hypervariable D-loop region of mtDNA. Our study will contribute to the genetic characterization and conservation management strategies of this unique and relict population of Uruguayan Creole cattle.
MATERIAL AND METHODS

Microsatellite markers
Genomic DNA was extracted from random blood samples of 64 Uruguayan Creole cattle (Figure 1 ). The 17 dinucleotide microsatellite loci studied are all included in the list proposed by FAO (1999; Initiative for Domestic Animal Diversity) and/or in the databank of the bovine diversity project "Cattle Diversity Data Base" (www.fao.org/dad-is; www.thearkdb. org). The amplification was performed by polymerase chain reaction (PCR) in three multiplex reactions: multiplex I (BM1314, CSSM66, ILSTS011, INRA37, and ETH10); multiplex II (BM1818, BM2113, BM8125, INRA32, and MM12); and multiplex III (HAUT27, HEL13, HEL9, CSRM60, ILSTS006, INRA63, and TGLA227), as described elsewhere (Armstrong et al., 2006a) . The amplified fragments were visualized by electrophoresis on 6% polyacrylamide gels using an automatic sequencer ABI377XL (Applied Biosystems, Foster City, CA, USA). Genotyping was performed with the GENESCAN ANALYSIS v3.2.1 and the GENOTYPER v2.5 software (Applied Biosystems). Allele size was standardized using reference samples distributed by the International Society of Animal Genetics (ISAG) for comparison tests.
Statistical analysis
Allelic frequencies were calculated using GENEPOP v3.1c [updated version of GENEPOP v1.2 described in Raymond and Rousset (1995) ], as well as the Hardy-Weinberg equilibrium (HWE) exact test. GENETIX v4.02 (Belkhir et al., 1996 (Belkhir et al., -2004 was used to calculate the observed (H O ), expected (H E ) and unbiased expected heterozygosities and the F IS statistics. Polymorphic information content (PIC) was calculated according to Botstein et al. (1980) . To detect possible effects of past population bottlenecks, three tests based on differences between H O and H E under the hypothesis of drift-mutation equilibrium (sign test, standardized differences test and Wilcoxon test) were used for the infinite allele model (IAM) and the stepwise mutation model (SMM). The mode-shift indicator, a descriptor of the allele frequency distribution proposed by Luikart et al. (1998) , was also used for this purpose. All these calculations were performed with BOTTLENECK v. 1.2.02 (Cornuet and Luikart, 1996) .
Mitochondrial DNA
Samples for mtDNA analyses were collected from 28 calves from the same generation, randomly chosen from the population of Uruguayan Creole cattle. This method reduces to some extent the probability of sampling individuals matrilineally related to the first degree. DNA was extracted from hair follicles using the Chelex (5%) method (Walsh et al., 1991) and quantified in a Nanodrop ND-1000 (Thermo Fisher Scientific Inc., Wilmington, DE, USA).
PCR amplification and sequencing
A fragment of approximately 1 kb of the mitochondrial D-loop sequence was amplified with forward primer: 5'-TTCCGACCACTCAGCCAATG-3' and reverse primer: 5'-GCATCTTGAGCACCAGCA-3'. The fragment obtained was between positions 15460 and 16480. PCR was performed in a reaction mix containing the following: 200 ng DNA, 10 pM dNTP, 10 pM of each primer, 2.5 U Taq DNA polymerase, and 1.5 mM MgCl 2 . PCR cycling consisted of initial denaturation at 94°C for 3 min and 30 cycles at 94°C for 60 s, 57°C for 45 s, and 72°C for 60 s, with a final extension at 72°C for 4 min. Amplification and sequencing of the 28 amplicons were carried out following the method described by Miretti et al. (2002) .
The hypervariable D-loop sequence from animals of other Creole cattle populations of the Americas (N = 253) and sequences belonging to animals from Europe and Africa (N = 570) were downloaded from the NCBI database (http://www.ncbi.nlm.nih.gov/), which have been cited in previous studies (Miretti et al., 2004; Ginja et al., 2010) (Table S1 ).
Statistical analysis
Sequences were aligned using CLUSTALW (Thompson et al., 1994) and the multiple alignment algorithm of BIOEDIT v7.0.1 (Hall, 1999) . Geographical breed structure was estimated with analysis of molecular variance (AMOVA) that computes a Wright's hierarchical F-statistics analogue, Φ-statistics, which incorporates evolutionary distance between haplotypes in addition to frequency data, using ARLEQUIN v3.1 (Excoffier et al., 2005) . Pairwise differences were used for AMOVA and groups were defined as geographically and historically distant breeds based on bibliographic criteria: Argentina, Bolivia, Colombia, Brazil, Caribbean, Iberian Peninsula, Africa, and Great Britain. Population pairwise fixation indices were also calculated using ARLEQUIN v3.1.
Phylogenetic analysis
We used the MODELGENERATOR v0.85 program (Keane et al., 2006) to find the most appropriate model of nucleotide sequence evolution and the gamma shape parameter. Phylogenetic trees were constructed by the neighbor-joining method, included in MEGA 4.0 (Kumar et al., 2008) . The maximum likelihood method was used and implemented by means of PHYML v3.0 (Guindon and Gascuel, 2003) .
The Hasegawa-Kishino-Yano + gamma + invariant sites (HKY + G + I) model (Hasegawa et al., 1985) , which incorporates different rates for transitions and transversions, rate variation across sites, and a proportion of invariable sites, was used.
Estimated gamma shape parameter was defined to construct trees in both cases. NETWORK v4.5.1.6 (www.fluxus-engineering.com) was used to construct median-joining networks (Bandelt et al., 1999) , connecting the inferred haplotypes present in South America (excluding Brazil) to study the intraspecific phylogenetic pathways of Uruguay's breed haplotypes.
RESULTS
Microsatellites
A total of 95 alleles were detected in the sample of the 169 described for the markers used (http://www.marc.usda.gov/genome/cattle/cattle.html). The most polymorphic microsatellite was INRA37 with 10 alleles, while the least polymorphic were BM8125 and INRA63 with 3 alleles (Table 1 ). The mean number of alleles per locus was 5.59 (Table 2) . Genetic diversity indices for each marker are shown in Table 1 and the  mean values in Table 2 . Almost all markers exhibited heterozygosity levels above 0.50, as well as high PIC values.
The majority of the loci revealed no significant departures from HWE, excepting three markers. Most F IS indices were less than 0.10, as well as the global F IS (F = 0.037) (Tables 1  and 2 ). Bottleneck analysis results are shown in 
Mitochondrial DNA
The hypervariable D-loop sequences of the 28 Uruguayan Creole calves were aligned with the B. taurus (Eucons) reference sequences. Gaps were completely removed, leaving 240 nucleotides (16023-16262 of the reference sequence).
The haplotypes used for the phylogenetic analysis were named according to Miretti et al. (2004) , as follows: T1: African-derived haplogroup found in the Americas (AA1, AA3, AA5, and AA7), T3: European taurine haplogroup (Bar2, Pre2, Pre5, EA10, EA11, EA18, Her12, Jer24, and Arq5) and T (Her20). Eucons and Afcons sequences were also included in the analysis (Figure 2 Three haplotypes were found after the analysis of the 28 nucleotide sequences of the D-loop region that belong to the European matriline group. They were named UY1, UY2 and UY3. The estimated mean number of pairwise nucleotide differences between haplotypes in the population was 1929 substitutions per site, while the mean nucleotide diversity was 0.008 ("p-distance"). Five polymorphic sites were found in the alignments, with an estimated haplotype diversity of 0.532.
We estimated F ST and the corrected average pairwise differences for the Uruguayan population with different geographic regions, namely Colombia, the Caribbean, Argentina and Bolivia, Brazil, the Iberian Peninsula (Spain and Portugal), Britain, Mainland Europe (excluding Iberian Peninsula), Western-Fringe Europe, and Africa (Table 4 
DISCUSSION
Microsatellites
Markers BM2113, CSSM66, INRA37, HEL9, and TGLA227 were very informative in this study due to their high polymorphism, heterozygosity and PIC, similar to what was previously found in a sample of breeding bulls with these same microsatellites (Armstrong et al., 2006a) . These markers could be considered suitable for an efficient tool in the genetic management of this population, since its feral condition makes it difficult for a more thorough genealogical control (Delgado et al., 2012) .
Random mating through many generations may account for the general situation of HWE observed. However, the low number of males with respect to the females affects effective population size (N E ) and F IS index. Stochastic events such as founder effect and genetic drift, acting since the origin of this population, may have affected allelic frequencies and may be the cause of the observed departures from equilibrium (Lirón et al., 2006; Egito et al., 2007; Martín-Burriel et al., 2011) . Similar effects caused by similar circumstances were observed by Kantanen et al. (2000) in Eastern Finnish cattle.
Low F IS indices were in agreement with the equilibrium situation observed in the majority of the markers and showed that the overall degree of inbreeding was low, in accordance with the high level of diversity observed. This finding indicates that inbreeding would not be a probable cause in the few observed cases of Hardy-Weinberg disequilibrium, in spite of being common in small closed populations. The current reserve was created from 35 animals that came from different parts of the country, remnants of a huge ancestral population, and the fusion of small previously isolated populations probably increased F IS and heterozygosity of some of the markers (Hartl, 1988) . The global heterozygosity level of the population measured with these nuclear hypervariable markers was moderately high (Table 2) .
Several studies on other American Creole and Iberian cattle breeds using microsatellites from the same FAO and ISAG reference lists show important similarities with the results of the Uruguayan Creole cattle. In the Argentinean Creole cattle from Patagonia, Martínez et al. (2005b) found an H E per locus of 0.18 to 0.80. For a set of 9 microsatellites, Lirón et al. (2006) found H E indices between 0.74 and 0.78 in 4 Creole breeds (Argentinean Creole and Yacumeño, Chaqueño and Saavedreño from Bolivia), where these breeds showed a higher genetic diversity than the British commercial breeds analyzed and were in HWE for most markers. In the Creole cattle of southern Brazil, Steigleder et al. (2004) found an H E between 0 and 0.89 with a set of 14 microsatellites. Egito et al. (2007) found an H E between 0.72 and 0.78 and mean F IS values between 0.05 and 0.09, with a set of 22 microsatellite markers in 5 Brazilian Creole breeds (Caracu, Crioulo Lageano, Mocho Nacional, Pantaneiro, and Curraleiro, all B. taurus breeds of Iberian origin). The mean N E per marker of these Brazilian Creoles was between 7.8 and 9.0, displaying a higher allelic richness than selected B. taurus and Zebu breeds of Brazil. The Mostrenca cattle breed from Andalusia (Spain), a proposed ancestral breed of the American Creole cattle, showed heterozygosity values between 0.29 and 0.77 (Martínez et al., 2005a) . Barrera et al. (2006) Recently, using the same markers used here, a separate and distinctive cluster was reported for the most southern breeds of South America: Brazilian Caracu, Argentinean Creole, Argentinean Creole cattle from Patagonia, Uruguayan Creole, and Pampa Chaqueño from Paraguay, which are rather distant from other American populations (Delgado et al., 2012) . These authors suggested a close genetic relationship between populations from nearby geographical regions and their findings support the genetic distinctiveness of the Uruguayan Creole cattle.
Bottleneck analysis did not reveal a clear pattern (Table 3) . According to the IAM, 15 of the 17 microsatellites showed heterozygosity excess, supporting the hypothesis of population expansion after a recent bottleneck. T2 statistics and the Wilcoxon test agreed with this statement. However, under the SMM assumptions, none of the analyses suggested this. The Lshaped distribution of the mode-shift indicator (data not shown), expected under the mutationdrift equilibrium, also supported the idea that the population had not undergone a bottleneck in the recent past.
The origin of the population from only 35 individuals and its subsequent expansion could be considered a bottleneck event, although the time elapsed since then (70 years) may be long enough for the dilution of its effects. Moreover, random sampling of individuals may have included related animals of different generations, which may have reduced heterozygosity estimates and masked the effects of possible bottlenecks (Cornuet and Luikart, 1996; Kantanen et al., 2000) . On the other hand, HWE analysis and F IS statistics do not support the existence of a population bottleneck in the recent past. The low number of breeding males employed for several generations could have reduced N E and genetic diversity, causing bottle-neck-like effects. Both models are commonly used to explain microsatellite evolution: IAM is simple and more appropriate for dinucleotidic markers, as the ones used here, although it tends to overestimate the values; the SMM is more conservative and usually generates lower heterozygosity indices (Cornuet and Luikart, 1996; Villalobos Cortés et al., 2010) . In conclusion, a possible bottleneck when this population was founded cannot be discarded, but other factors have probably affected this herd and must be taken into consideration for its future management.
Mitochondrial DNA
Haplotype UY1 (N = 18) showed two changes from the Eucons sequence (139T, 255C) and three changes from the Afcons sequence (139T, 113T, 50C). This was the most frequent haplotype (64%) found in our population. Phylogenetic reconstruction suggested that UY1 derived from the European taurine haplogroup T (255C, Eucons) (Troy et al., 2001 ; Her20 sequence in Miretti et al., 2004) . Haplotype UY2 (N = 7) showed two changes with respect to Eucons (113C and 119C) and represented 25% of the sampled individuals. The less common haplotype found, named UY3 (N = 3), showed a change in position 55 of the Dloop with respect to European consensus (55C). This last haplotype is exclusive of Uruguay in South America, and was previously found only in the Portuguese Maronesa and Barrosa breeds (Ginja et al., 2010) .
Interestingly, the most frequent haplotype found in Uruguayan Creole cattle belonged to the relatively minor haplogroup T, which represents an unusual situation compared to other cattle populations studied so far.
The median-joining network including all South American haplotypes except from Brazil also supported the proposed phylogenetic framework for these haplotypes. The inferred network showed no inconsistencies, except a position of a branch with two non-Uruguayan haplotypes, which are unexpectedly situated within the African group ( Figure S1 ).
Our results suggest that the mtDNA genetic diversity of this population is rather low compared to other cattle populations, but not the lowest, as suggested by other studies (CarvajalCarmona et al., 2003; Ginja et al., 2010) . Although highly informative, comparison of the results between populations is rather approximate, mainly due to differences in sampling procedures.
F ST index estimations and corrected average pairwise differences suggested that Uruguayan population has been genetically isolated from other populations, which would indicate that it corresponds to a single genetic entity separate from other Creole cattle groups. This finding is supported by the recent analysis using microsatellites on a wide range of American cattle breeds mentioned above (Delgado et al., 2012) . As expected, results with mtDNA also showed that Uruguayan population is genetically closer to South American than to other populations, although within South America, it was found to be closer to Colombian and Caribbean breeds than to the geographically closer Argentinean, Bolivian and Brazilian ones. A close inspection of the haplotypes analyzed showed that the Uruguayan population shares all haplotypes with Portuguese breeds in a distinctive pattern.
The most frequent haplotype, UY1, is also found in breeds of Portugal (Alentejana and Mertolenga), Mexico (Chihuahua Creole), Bolivia (Chusco Creole and Saavedreno Creole), and Argentina (Argentine Creole). On the other hand, UY2 is shared with Argentinean (belonging to Hereford, Aberdeen Angus and Argentine Creole), Bolivian (Yacumeno Creole), Brazilian (Curraleiro and Pantaneiro), Paraguayan (Pampa Chaqueno Creole), and Portuguese individuals (Friesian and Ramo Grande). Finally, UY3 is only shared with individuals that belong to Portuguese breeds (Maronesa and Barrosa) (Table S2 ). These observations could explain why the Uruguayan population is closer to Portuguese than Spanish breeds (data not shown). At the same time, it may also explain the genetic closeness to Caribbean and Colombian populations. Note that UY1, 2 and 3 may also be found outside America, Africa or Europe. For instance, UY3 was found in two Asian populations (Iraq and China), but the analysis of these results is beyond the scope of this paper, so we will not discuss this further.
The effective population size of the mitochondrial genome, as well as the intrinsic characteristics of both types of markers, could explain the observed differences between the estimated diversity indices derived from nuclear and mtDNA markers. On one hand, the Uruguayan Creole cattle were developed from the admixture of many Iberian breeds, a process that generates high levels of genetic diversity. On the other hand, population reduction over time, a possible bottleneck event 70 years ago, and the effects of genetic drift could be the cause of the loss of variability shown by the hypervariable D-loop analysis. The dispersal of the Creole populations towards the southern boundary of the territories occupied by cattle after its introduction on the American continent should also be taken into consideration. Molecular data from recent studies with microsatellites and mitochondrial DNA in American Creole and Iberian breeds support the common origin of almost all Creole cattle breeds in the former Spanish and Portuguese colonies (Carvajal-Carmona et al., 2003; Miretti et al., 2004; Lirón et al., 2006; Ginja et al., 2010; Delgado et al., 2012) . These facts, together with the demographic structure of the Uruguayan Creole cattle population (Armstrong et al., 2006b) , are key factors for the future development and management of this population.
CONCLUSIONS
A comprehensive molecular characterization of the Uruguayan Creole cattle population was achieved using nuclear and mitochondrial markers. While microsatellites showed high polymorphism and suggest medium to high genetic diversity, mitochondrial sequences suggest rather low diversity, probably due to differences in the sampling methods of both kinds of markers. The results were in agreement with previous studies in this and other American Creole breeds, and reinforce the genetic distinctiveness of this population.
